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Ab initio calculations on the structural and magnetic properties of ~Cr, Mn, Fe!/Ag monatomic multilayers
with tetragonal L10 ordered structure in paramagnetic, ferromagnetic, and antiferromagnetic states are per-
formed by means of the self-consistent full-potential linearized augmented-plane-wave method. By fitting the
ab initio results to an Ising model, we have extracted exchange interactions in these systems and discuss
general behaviors of the exchange interactions with respect to lattice relaxation and 3d electron filling. Finally,
a zero-temperature phase diagram is given to describe the stabilities of the magnetic configurations.
@S0163-1829~99!03110-0#I. INTRODUCTION
In recent years magnetic multilayers have attracted con-
siderable attention because of their novel physical properties
such as enhanced magnetoresistance, large magnetic mo-
ment, perpendicular magnetic anisotropy, and oscillatory in-
terlayer coupling.1 The experimental studies revealed that the
~001! surfaces of fcc noble metals Ag and Au allow for good
epitaxy because many bcc transition metals such as Cr and
Fe are lattice matched to them by a factor of A2, thereby
providing a one-on-one match for the atoms at the interface.
Recent technical progress makes it now possible to synthe-
size high quality artificial ultrathin films with stable or meta-
stable lattice geometries in a layer-by-layer mode. In fact, the
stable or metastable alloys such as L10 FeAu ~Ref. 2! and
L10 FePt ~Ref. 2! can be fabricated artificially by alternate
deposition of Fe and noble-metal ~Au, Pt! monatomic layers.
Although the L10 FePt alloy exists naturally around equi-
atomic composition in the equilibrium phase,3 FeAu system,
on the other hand, has a peritectic-type phase diagram and
neither intermediate phase nor intermetallic compound exists
in the equilibrium phase.3 Therefore, the tetragonal L10 or-
dered FeAu monatomic multilayer is of great interest be-
cause it adds a new member to the tetragonal L10 family of
ferromagnets.
A lot of experimental and theoretical works on the 3d/Ag
superlattices have been performed, revealing the complicated
ground state configurations of different systems. Existing
experimental4,5 and theoretical6–9 results on CrAg superlat-
tice showed that Cr/Ag with monolayer of Cr can be fabri-
cated artificially by the molecular-beam epitaxy method, and
Cr monolayer on Ag~001! is antiferromagnetic with a large
local moment. As for the magnetic configuration of Cr
monolayer, Blu¨gel et al.7,8 suggested that the in-plane anti-
ferromagnetic configuration c(232) is energetically more
stable than the ferromagnetic structure. For Mn/Ag superlat-PRB 590163-1829/99/59~10!/6974~5!/$15.00tice, several experimental results have already been reported
in Refs. 10–12, and it is concluded that Mn atoms are anti-
ferromagnetically coupled. Low-energy electron diffraction
reveals a very sharp p(131) chemical cell pattern and it is
attributed to an in-plane c(232) antiferromagnetic order
with a large local magnetic moment of about 4mB per Mn
atom.12 For the Fe/Ag superlattice, experimental studies have
also been performed by several groups.13 Recently, Runge
et al.14 reported the interface induced magnetic hyperfine
field in Fe~001!/Ag~100! multilayers; Krishnan et al.15 and
Hicken et al.16 reported the magneto-optical properties, and
the magnetic coupling in as-prepared states has been reported
by Temst et al.17 In our recent papers, we also gave some
fundamental studies on the superlattice of CrAu,18 FeAu,18,19
and FeCu.20 These theoretical works have given a good un-
derstanding to relevant experimental results. Although many
theoretical works have already been done, a systematic study
of the general behavior of exchange interactions and the sta-
bilities of spin configurations does not exist to our knowl-
edge. The aim of the present paper is to discuss general
behaviors of the exchange interaction with respect to the lat-
tice relaxation and the number of valence electrons and to
study the stabilities of spin configurations for L10 ordered
~Cr, Mn,Fe!/Ag systems.
II. COMPUTATIONAL DETAILS
All the calculations reported in this paper are performed
by using the self-consistent full-potential linearized
augmented-plane-wave ~FLAPW! method21 in a scalar rela-
tivistic version without spin-orbit coupling. It is one of the
most accurate schemes for the electronic structure calcula-
tions and magnetic properties of crystals.22 For the tetragonal
L10 ordered structure, which will be considered in this work,
five antiferromagnetic ~AF! configurations have been pro-
posed by Pa´l et al.23 Although primitive results have been
obtained for limited configurations,24 in order to study the6974 ©1999 The American Physical Society
PRB 59 6975STABILITIES OF SPIN CONFIGURATION AND . . .exchange interactions, we have to know the magnetic prop-
erties of all the collinear spin configurations ~see Fig. 1!, so
that we have performed the ab initio calculation for AF4 and
AF5 configurations. In spin-polarized calculations, we adopt
the Moruzzi-Janak-Williams exchange-correlation
function.25 The Brillouin-zone sampling is performed using
90–156 special k points in the irreducible Brillouin zone.
The muffin-tin radii of Ag and Cr ~Mn, Fe! are set to RAg
5(A2a)/4 and RCr5Aa21c2/22RAg . The energy cutoff
parameter is fixed that RMTKmax58.0 in the present calcula-
tions. To find the ground state structures of these systems,
the total energies are fully minimized with respect to lattice
constants a and c. The obtained total energies and magnetic
moments ~integrated within the muffin-tin spheres! have
been shown in Figs. 2 and 3 as functions of the c/a ratio
with a fixed at 3.97 Å for Fe/Ag and 4.08 Å for ~Cr,Mn!/Ag
systems. Although the local spin-density approximation pro-
cedure is usually believed to underestimate the equilibrium
lattice constants, we do not think that it seriously affects the
results discussed in this work.
III. RESULTS AND DISCUSSION
It is well known that the magnetic properties of the 3d
metallic alloys with large moments can qualitatively be ex-
plained by Moriya’s rule:26,27 antiferromagnetism occurring
for nearly half-filled d shells and ferromagnetism for larger d
FIG. 1. Magnetic configurations for the tetragonal L10 ordered
~Cr, Mn, Fe!/Ag monatomic multilayers. The arrows represent the
directions of the magnetic spins.band fillings. In order to understand the present results, we fit
the obtained total energy (ET) to the following Ising ex-
change model:
ET5EPM1(
i
EM2
1
2 (i , j J i js is j
to describe the stability of the spin configurations, where,
EPM is the total energy in the paramagnetic ~PM! state, EM is
the single ion magnetizing energy, s i is the projection of the
unit vector in the spin direction, Ji j is exchange integral, and
the sum runs over all pairs of lattice sites ^i , j&. We consider
here the nearest-neighbor ~NN! and next-nearest-neighbor
~NNN! for the in-plane (J1 and J2) pairs and between inter-
layer (J1L and J2L) planes, and estimate these reduced pa-
rameters by least-squares fitting to the following equations
according to counting the number of antiparallel pairs in one
unit cell in the five AF states:
FIG. 2. Total energies as functions of the c/a ratio for the L10
ordered ~Cr, Mn, Fe!/Ag superlattices in paramagnetic ~PM!, ferro-
magnetic ~FM!, and five antiferromagnetic ~AF1, AF2, AF3, AF4,
and AF5! states, plotted for the lattice constant a fixed at 4.08 Å for
~Cr,Mn!/Ag, and 3.97 Å for Fe/Ag.
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In the case of Fe/Ag, the J values are obtained without
DE15EAF12EFM , since AF1 state is a low spin state ~see
Fig. 3!, and EM could be obtained accordingly.
Figure 4 shows the magnetization energies (EM) as a
function of the c/a ratio. It is clear that the magnetization
energies of Cr, Mn, and Fe are decreasing functions of the
volume, so that the magnetic states are more stable than the
PM ones with the equilibrium volumes being expanded com-
pared with those in PM states. We also note that the magne-
tization energy exhibits an atomic character. For instance, for
Fe, the same behavior is found in other systems such as
L10 FeCu, B2 FeCu superlattices and bcc Fe.20 At the
same time, Mn has larger ~minus! magnetization energy
compared with Cr and Fe, because Mn has larger moment.
In Fig. 5, the exchange parameters J are shown as func-
tions of the c/a ratio. We found that in the case of Cr/Ag, the
in-plane NN coupling J1 shows a very large negative value
over the whole c/a range, and the other coupling parameters
J2 , J1L , and J2L are all relatively small. This fact indicates
FIG. 3. Magnetic moments of Cr, Mn, and Fe in the L10 ordered
~Cr, Mn, Fe!/Ag superlattices as functions of the c/a ratio.that the dominating interaction is the antiferromagnetic cou-
pling between in-plane nearest neighbors. This character is
clearly seen from Fig. 2 that for Cr/Ag system all the states
with in-plane AF couplings ~AF1, AF2, AF4, AF5! are en-
ergetically lower than those with in-plane FM couplings
~AF3, FM!. The same is true in the behavior of CrAu.18
On the contrary, exchange interactions in Fe/Ag show dif-
ferent behavior compared to Cr/Ag system. The exchange
parameters J1 , J2 , and J1L are mostly positive, so that FM
coupling between the Fe atoms are preferred. One can also
confirm from Fig. 2 that the FM and AF3 states with in-plane
FM coupling have lower energies than other AF configura-
tions. The fact, that the energy difference between FM and
FIG. 4. Magnetization energies of Cr, Mn, and Fe in the the L10
ordered ~Cr, Mn, Fe!/Ag superlattices as functions of the c/a ratio.
FIG. 5. Exchange parameter, J for Cr-Cr, Mn-Mn, and Fe-Fe
pairs in the L10 ordered ~Cr, Mn, Fe!/Ag superlattices.
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behavior of the interlayer coupling via noble metals ~Au, Ag!
within systems such as Au/Fe/Au/Fe/Au~001! sandwiches.28
The most complicated system is Mn/Ag. The in-plane ex-
change parameters J1 and J2 of the L10 Mn/Ag are both
negative and close to each other, which would lead to frus-
tration for the in-plane spin configuration. The two interlayer
interactions show opposite values. All exchange values are
smaller than those of the Cr/Ag and Fe/Ag cases. As shown
in Fig. 2, energetically L10 Mn/Ag favor the AF2-type mag-
netic configuration than the other five configurations. How-
ever, due to the competing nature of the above shown inter-
actions, exact determination of the ground-state spin
configuration in the L10 Mn/Ag case should go beyond the
present calculation to a much larger planar unit cell.
Considering the competitions between those exchange in-
teractions, we have drawn a zero-temperature spin-
configuration phase diagram in Fig. 6, to describe all mag-
netic solutions corresponding to those proposed by Pa´l
et al.23 The positions of Cr/Ag, Mn/Ag, and Fe/Ag with data
corresponding to the equilibrium volumes have been indi-
cated in this figure. We find that the Cr/Ag and Fe/Ag sys-
tems locate at the middle of the AF1 or FM phase regions far
away from the boundary, implying such configurations might
be quite stable. On the other hand, the Mn/Ag system locates
near the phase boundary of AF2 and AF4. This fact suggests
that exact equilibrium configuration might be closer to the
present AF2 and AF4 configurations @in fact, the ordered
compound MnAu has a p3 antiferromagnetic structure with
ferromagnetic sheets lying normal to the short axis ~like
AF4! of its tetragonal distorted CsCl-type cell29#.
Finally, we represent the energy difference between the
AF and FM minimum energies, DEi5EAFi2EFM as a func-
tion of the number of valence electrons (3d4s) for
~Cr,Mn,Fe!/Ag in Fig. 7. We see that the increase in the
number of valence electrons leads to the stabilization of FM
ordering ~as in Fe/Ag!, but a decrease tends to stabilize the
AF configuration ~as in Cr/Ag!. Mn/Ag locates at the cross-
ing point between the FM and AF ordering, exhibiting a
FIG. 6. Phase diagram of spin configuration of the Ising model
for the L10 ordered superlattice. Here, the marks show the positions
of the calculated exchange values for Cr/Ag (n), Mn/Ag (h), and
Fe/Ag (s) superlattices.competing behavior. The change of sign of DEi ~from AF to
FM! occurs around 7.4 of the valence electron number
~nuclear charge Z;25.4), which agrees very well with
Moriya’s result on the 3d alloys,26,27 and for the 3d over-
layer on Ag ~001! showed by Blu¨gel et al.7
IV. SUMMARY
From the first-principles calculation on the magnetic
properties of ~Cr, Mn, Fe!/Ag monatomic multilayers with
the tetragonal L10 ordered structure by the FLAPW method
within the local spin-density-functional theory, we have
studied the general behavior of both in-plane and interplanar
stabilities of several spin configurations. It is shown that gen-
erally the Cr/Ag system favors strong in-plane AF coupling,
the Fe/Ag system favors a FM coupling, while Mn/Ag sys-
tem is a frustrated system. The ground state magnetic struc-
ture changes from AF to FM with increasing the 3d electron
number from Cr/Ag to Fe/Ag, similar to the 3d overlayer on
Ag ~001!,7 and also agrees very well with Moriya’s result on
3d alloys.26,27 An other important issue is that similar results
also hold for the Au cases18 as obtained here for the Ag ~001!
superlattices because of the similarities in the electronic
structures of Au and Ag.
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